The interaction between monocytes and endothelial cells is considered to play a major role in the early stage of atherosclerosis, and the involved endothelial cell micromechanics may provide us with important aspects of atherogenesis. In the present study, we evaluated (i) the endothelial cell-to-cell and cell-to-substrate gaps with the electric cell-substrate impedance sensing system, which can detect the nanometer order changes of cell-to-cell and cell-tosubstrate distances separately, and (ii) the endothelial cell micromechanical properties with an atomic force microscope after application of monocytes to endothelial cells. Application of monocytic THP-1 cells to IL-1␤-stimulated human umbilical vein endothelial cells immediately decreased the electrical resistance of the endothelial cell-to-substrate (increase of the cell-to-substrate gap), whereas the endothelial cell-to-cell resistance (cell-to-cell gap) did not change. The elastic modulus of the endothelial cells decreased after 2-h monocyte application, indicating an increase of endothelial cell deformability. In conclusion, the interaction of the monocytes to the endothelial cells reduced the adhesiveness to the substrate and increased the deformability of endothelial cells. These changes in the adhesiveness and the deformability may facilitate migration of monocytes, a key process of atherogenesis in the later stage.
A t the early stage of atherosclerosis, an aggregation of lipid-rich macrophages that were derived from monocytes was observed in the intima (1) . Adhesion of monocytes to the arterial endothelial cells and their migration into the arterial intima are the earliest key events in atherogenesis (1) . Previous studies demonstrated that leukocytes could migrate throughout the endothelial monolayer via not only paracellular but also transcellular pathways in vivo and in vitro (2) (3) (4) (5) . The endothelial cell micromechanics that are involved in endothelial cell micromotion and the mechanical properties of endothelial cells may be key factors in these processes. Earlier studies reported the importance of adhesion molecules in the adhesion and migration of monocytes to endothelial cells (6, 7) . We previously demonstrated that the adhesion of monocytes to human umbilical vein endothelial cells (HUVEC) induces the decrease in the amount of focal adhesion kinase (p125 FAK ) with reduction of the density of F-actin stress fibers in HUVEC (8) . These results suggest that the adhesion of monocytes induces changes of the adhesiveness of endothelial cells to the substrate and the mechanical properties of endothelial cells. However, the accompanying micromechanics and micromotion of endothelial cells were little understood.
For the micromotion measurement of the cultured cells, Giaever and Keese (9) developed a morphological biosensor, the electric cell-substrate impedance sensing (ECIS) system. The advantage of this system is that quantitative estimation of cell-to-cell and cell-to-substrate distances can be performed separately and in real time. Atomic force microscopy (AFM) is a useful tool for examining mechanical properties of cells and imaging biological tissues such as cells, proteins, and DNA. The measurement of mechanical properties of living soft tissue is possible with a nanoindentation technique (10) .
In the present study, we applied these two methods, ECIS and AFM, to evaluate the effect of the interaction between monocytes and endothelial cells on endothelial cell micromotion and mechanical properties.
Materials and Methods
Cell Culture. HUVEC were purchased from Cell Systems (Kirkland, WA) and seeded on a gelatin (Sigma)-coated cell culture flask (Becton Dickinson) with CS-C complete medium (Cell Systems). HUVEC were cultured at 37°C in humidified air containing 5% CO 2 . The human monocytic cell line THP-1 (Japanese Collection of Research Bioresources, Tokyo) was cultured in RPMI 1640 (Dainippon Phamaceutical, Osaka) supplemented with 10% FBS (Dainippon Phamaceutical), 50 g͞ml kanamycin, and 10 mM Hepes.
Estimation of Cell-to-Cell and Cell-to-Substrate Gaps. HUVEC were seeded on a gelatin-coated cell culture dish (10 mm ϫ 10 mm for each section; Applied Biophysics, Troy, NY) with a microelectrode ( ϭ 250 m) and grown until confluence. HUVEC were then stimulated with human IL-1␤ (5 ng͞ml; Genzyme) for 6 h and subsequently overlayered with the 20 l of culture medium containing THP-1 (1 ϫ 10 6 cells͞ml). In the ECIS program (Applied Biophysics), there are several kinds of measurement mode: attachment mode (the data are acquired every minute or more), micromotion mode (the data are acquired every few seconds), and frequency scan mode (impedance is measured with variety of frequency). In this study, electrical impedance was measured with the attachment mode of ECIS. The change of impedance is attributed to changes of the resistance in paracellular pathway (Rb) and the resistance between the ventral cell surface and the electrode [␣: ␣ ϭ r(͞h) 0.5 , where r is the cell radius, is the resistivity of the culture medium, and h is the gap between the cells and the electrode] (9). From the changes of Rb and ␣, the changes in cell-to-cell and cell-to-substrate gaps were estimated.
Measurement of Mechanical Property. By pressing the AFM cantilever to the cell surface, a force-curve, the relationship between Abbreviations: HUVEC, human umbilical vein endothelial cells; FAK, focal adhesion kinase; ECIS, electric cell-substrate impedance sensing; AFM, atomic force microscopy.
the cantilever deflection and its indentation depth, was obtained. In this study, the force-curve of the HUVEC was measured with an AFM (NVB100; Olympus, Tokyo). HUVEC were seeded on a gelatin-coated cell culture dish, and THP-1 was applied in the same protocol as described above. Our previous study indicated that the decrease in p125 FAK reached its maximum level 15-30 min after the application of THP-1 to HUVEC and continued up to 2 h, and the F-actin structure changes exhibited a similar time course (8) . The changes of F-actin structures were also observed 30 min after the application of THP-1 and continued for at least 2 h. The force-curves were thus measured after 2 h of application of THP-1 to HUVEC. Force-curve measurements were performed in the center region, just above the cell nucleus and the peripheral region of HUVEC. Each measurement was finished within 30 min, because the measurements were performed at room temperature, and some HUVEC were detached from the dish after 1 h at room temperature. Elastic modulus was estimated with the Hertz model that describes the indentation of a homogeneous͞semi-infinite elastic material (11), defined as follows:
where F is the applied force (calculated from the spring constant multiplied by the cantilever deflection), E is the elastic modulus, is the Poisson's ratio assumed to be 0.5 because the cell was considered incompressible, ␣ is the opening angle of the tip of the cantilever, and ␦ is the indentation depth.
Observation of GFP-Expressed Monocytes. Precise transsectional position of monocytes in the endothelial monolayer was observed with a GFP-expressed monocytic cell line donated by Hayashibara Biochemical Laboratories (Okayama, Japan). This cell line was established by Hayashibara Biochemical Laboratories and permanently expresses cytosolic GFP in monocytes. GFP-expressed monocytes were applied to HUVEC that were seeded on a gelatin-coated glass bottom dish (Iwaki, Tokyo) and pretreated with Cell Tracker orange (Molecular Probes) for 30 min. The images of GFP-expressed monocytes and HUVEC were taken by a confocal laser microscope with an incubation system (TCS-NT; Leica Microsystems, Heidelberg, Germany). These images were loaded on a personal computer (PowerMac G4; Apple Computer, Cupertino, CA), and 3D images were reconstructed with the public domain image analyzing program NIH IMAGE (developed at the National Institutes of Health, Bethesda, MD).
Observation of F-Actin and p125 FAK in Endothelial Cells. HUVEC were seeded on a gelatin-coated glass bottom dish for observation of F-actin filaments and FAK (p125 FAK ). THP-1 was applied to HUVEC in the same protocol as described above. After 2 h of application of THP-1, HUVEC were rinsed with PBS (Nissui Seiyaku, Tokyo) and fixed in 2% paraformaldehyde in PBS for 10 min. After fixation, the cells were treated with EDTA (0.2% in PBS; Merck) for Ϸ1 min to remove the adhered THP-1. Subsequently, the cells were permeabilized in 0.1% Triton X-100 (Wako Pure Chemical, Osaka) for 5 min. The cells then were rinsed in PBS and incubated with rhodamine-phalloidin (Molecular Probes) in PBS for 30 min. Finally, the cells were rinsed and mounted over with glycerol͞PBS (1:1) with 4% npropylgallate (Wako Pure Chemical) to prevent the fading of fluorescence. In another set of samples, HUVEC were rinsed with PBS and fixed in methanol for 5 min. After fixation, the cells were treated with EDTA for Ϸ1 min. Subsequently, the cells were permeabilized in 0.1% Triton X-100 (Wako Pure Chemical) for 5 min and incubated with anti-p125 FAK mAb (1:100 in PBS; Santa Cruz Biotechnology) and FITC-conjugated goat IgG (1:100 in PBS; Santa Cruz Biotechnology). These samples were observed with a confocal laser microscope (TCS-NT; Leica Microsystems).
Statistics. Paired (analysis for changes of Rb and ␣) and unpaired (analysis for changes of the total impedance and the elastic modulus) Student's t tests were performed to determine the significance of differences in comparison of the experimental groups. All data are expressed as means Ϯ SD, and differences are considered to be significant when P Ͻ 0.05. Fig. 1 shows the photomicrographs of monocytes that remained on the surface of IL-1␤ unstimulated and stimulated HUVEC after washing off the nonadhered monocytes. After 2 h of application of monocytes, the adhesion monocytes to HUVEC were confirmed. Two or three monocytes adhered per IL-1␤-stimulated HUVEC. In contrast, fewer monocytes adhered on the surface of the unstimulated HUVEC.
Results
Typical traces of the normalized total electrical impedance of the IL-1␤-stimulated and unstimulated HUVEC after application of monocytes are shown in Fig. 2 . After application of monocytes (indicated as an arrow in Fig. 2 ) to the IL-1␤-stimulated HUVEC, electrical impedance immediately decreased, whereas that for the unstimulated HUVEC was almost unchanged. The summary of the changes of electrical impedance for the stimulated (n ϭ 15, number of samples) and unstimulated (n ϭ 17) HUVEC is also shown in Fig. 2 . After 30 min of application of monocytes, there was already a statistically significant difference between the two groups. Fig. 3 is the typical real-time traces of the total, cell-tosubstrate and cell-to-cell resistances in the IL-1␤-stimulated HUVEC. Immediately after application of monocytes (time ϭ 0 in Fig. 3 ) to the IL-1␤-stimulated HUVEC, cell-to-substrate resistance gradually decreased, whereas cell-to-cell resistance was almost unchanged. Summary of the changes of ␣ (cell-tosubstrate) and Rb (cell-to-cell) after 1 h of application of monocytes is shown in Fig. 4 . ␣ was significantly decreased by Ϫ40.1 Ϯ 20.1% (P Ͻ 0.05, n ϭ 7), whereas the change in Rb was not significant (14.9 Ϯ 50.6%, n ϭ 7), indicating that the monocyte adhesion caused the increase of the endothelial cellto-substrate, but not cell-to-cell distance. The unchanged Rb may imply that the morphology of HUVEC remains constant. Accordingly, we measured cell area and perimeter of HUVEC before and after adhesion of monocytes. These parameters are 1,034 Ϯ 367 m noticeable that monocytes adhered to the cell surface, but did not migrate into the endothelial monolayer at this stage, indicating that the increase of endothelial cell-to-substrate distance was not caused by the monocytes' migration into the endothelial cell monolayer.
Typical force-curves for the peripheral region of the control HUVEC (without stimulation by IL-1␤) and the monocyteadhered HUVEC are shown in Fig. 6 . The force-curves were well fitted with a parabolic curve (r 2 ϭ 0.99). The force-curve for the monocyte-adhered HUVEC shows a smaller slope compared with that of control HUVEC. The changes of the elastic modulus in both the center and peripheral regions are summarized in Fig.  7 . Under the control condition, the elastic modulus in the central region (3.0 Ϯ 1.6 kPa, n ϭ 11, number of cells) was significantly smaller than that in the peripheral region (6.7 Ϯ 4.3 kPa, n ϭ 11). The elastic modulus of the monocyte-adhered HUVEC significantly decreased in both the central (1.5 Ϯ 1.2 kPa, P Ͻ 0.05 vs. control, n ϭ 12) and peripheral regions (2.7 Ϯ 1.9 kPa, P Ͻ 0.05 vs. control, n ϭ 12). We then measured the mechanical property of the monocyte-adhered and unadhered HUVEC in the same dish when monocytes were sparsely applied. The elastic modulus of HUVEC without monocyte adhesion (in the center: 2.7 Ϯ 1.8 kPa, n ϭ 13, in the periphery: 7.2 Ϯ 5.6 kPa, n ϭ 13) were the same as those under control conditions. The elastic modulus of HUVEC with monocyte adhesion (in the center: 1.6 Ϯ 0.6 kPa, n ϭ 9, in the periphery: 3.0 Ϯ 1.8 kPa, n ϭ 9) were significantly smaller than those of HUVEC without monocyte adhesion in both center and periphery (P Ͻ 0.05) as shown in Fig. 7 . These results demonstrated that HUVEC became softer, i.e., the deformability was increased, after monocyte adhesion and that these changes were substantially triggered by the direct contact between monocytes and endothelial cells.
As we had reported through Western blotting analysis and a microscope equipped with epifluorescence optics (8), we observed the reduction of both F-actin density and p125 FAK with a confocal laser microscope as shown in Fig. 8 . Before application of monocytes, the F-actin filaments were observed in the center portion as the stress fibers and at the periphery of the cells as the dense peripheral bands. After 2 h of monocyte application, the density of F-actin filaments was reduced in both the center and peripheral regions of the cells. FAK was observed dispersively in the whole cells. After monocyte adhesion, p125 FAK was reduced in the whole cells.
Discussion
We directly evaluated the endothelial cell micromechanics affected by the interaction between monocytes and endothelial cells. The main findings are as follows: (i) Application of monocytes to HUVEC immediately decreased the endothelial cell-to-substrate resistance (increase of cell-to-substrate gap), whereas the endothelial cell-to-cell resistance (cell-to-cell gap) was unchanged. (ii) The elastic modulus of HUVEC decreased after 2-h monocyte application.
The decrease of the endothelial cell-to-substrate resistance (increase of cell-to-substrate gap), ␣, may be closely related with the change of the adhesiveness of endothelial cells to the substrate. We demonstrated that the amount of FAK (p125 FAK ) in HUVEC decreased after adhesion of monocytes as shown in Fig. 8 . This finding is consistent with our previous study demonstrating the same phenomenon by Western blotting analysis (8) . FAK is a kind of tyrosine kinase localized at the focal adhesion complex with several other molecules such as talin, vinculin, and tensin, and it plays a central role in the endothelial cell attachment to the extracellular matrices (12) (13) (14) . It has been reported that the inhibition of the p125 FAK function blocked the formation of focal contacts (13) . In addition, the loss of p125 FAK has been reported to be a prerequisite for cell detachment (15). Noiri et al. (16) reported that the adhesiveness of endothelial cells to substrate was reduced by the NO donor sodium nitroprusside, and the reduction of focal contacts agreed well with the decrease of ␣, the parameter of cell-to-substrate resistance in the ECIS system (16) . Therefore, the decrease of ␣ after application of monocytes in the present study may indicate the rearrangement of the focal contacts of endothelial cells. The cellular adhesiveness is probably decreased during the morphological change of the cells. Because endothelial cells need to change their shape dynamically during monocyte transendothelial migration, the endothelial cells may need to reduce their adhesiveness in the process of monocyte adhesion.
Monocyte adhesion resulted in the decrease in the elastic modulus of HUVEC. The changes of the elastic modulus of HUVEC after adhesion of monocytes are considered to be caused by the reduction of F-actin filaments. Sato et al. (17) reported that the F-actin structure is closely related to the mechanical properties of endothelial cells. After exposure to shear stress, thick F-actin stress fibers were formed in cultured bovine endothelial cells, and cells became stiffer. As shown in Fig. 8 , F-actin filaments are densely composed in the peripheral region of HUVEC before adhesion of monocytes. The change of the elastic modulus in this region after adhesion of monocytes may be directly caused by the reduction of F-actin filaments. F-actin stress fibers generate tension inside cells and play an important role in forming their morphology and mechanical properties (18) . Reduction of F-actin stress fibers thus decreases the tension inside HUVEC, resulting in the decrease of the elastic modulus of the cells. Accordingly, the change of the mechanical property in the center region is also considered to be caused by changes of F-actin structures. The decrease of the elastic modulus in the peripheral region (by 58%) is larger than that in the center region (by 43%). This regional difference of elastic modulus within a cell may facilitate the emigration of monocytes through the paracellular pathway.
Recently, Wang et al. (19) investigated the stiffness of tumor necrosis factor ␣-stimulated pulmonary microvascular endothelial cells after neutrophil adhesion with a magnetic beads twisting technique and reported that neutrophil adhesion induces the increase in both the stiffness and the F-actin filaments of the endothelial cell. Other investigators also reported that leukocyte adhesion increases F-actin filaments in endothelial cells (20, 21) . These results are in contrast to the results in the present study. The first possible explanation for the differences may be the functional differences between monocyte and neutrophil. Kim et al. (22) reported that minimally oxidized low-density lipoprotein treatment to endothelial cells induced the adhesion of monocytes but not neutrophils. This finding may be important clinically, because leukocytes that are frequently observed in the atherosclerotic regions are monocytes͞macrophages and lymphocytes in vivo (23) . The other possibility may be the differences in the experimental conditions, such as cytokines used to stimulate endothelial cells and the extracellular matrices used to coat the cell culture dish. Both IL-1␤ and tumor necrosis factor ␣ increase the expression of adhesion molecules to leukocytes on the endothelial cell surface (7) . The disappearance of the dense peripheral bands and the formation of stress fibers in endothelial cells induced by tumor necrosis factor ␣ stimulation itself were reported by Wang et al. (19) and Molony and Armstrong (24), whereas IL-1␤ did not cause any appreciable changes of the F-actin structures (8), elastic modulus (see Fig. 7 (19, 25) , collagen (20) , and gelatin (ref. 8, this study) were widely used to coat the cell culture dish. The cellular receptors for extracellular matrix proteins belong to the integrin superfamily (26) . The attachment of endothelial cells to artificial surfaces under flow condition (27) , the cytoskeletal organization in endothelial cells (28) , and the adhesion force between the integrins and their ligands (29) strongly depend on the type of extracelular matrix. Therefore, the extracellular matrices that were used to coat the cell culture dish probably affect the endothelial cell responses to adhesion of leukocyte.
It is well known that atherosclerotic lesions tend to localize at the arterial branch and curved sites (30) . In these regions, the endothelial cell shape is round (31, 32) , the density of F-actin filaments is lower than those in other regions (33) , and monocyte adhesion and migration were frequently observed (34) . The increased shear stress in the contralateral common carotid artery to the ligated common carotid artery increases the elongation of the endothelial cells and F-actin filaments and decreases monocyte adhesion and migration (35) . Furthermore, the relationship between the mechanical properties and the endothelial cell shape, i.e., softer properties of the rounded endothelial cells with less F-actin stress fibers compared with the elongated cells, was reported not only in the cultured cells (36) but also in the cells in the fresh vascular segments (37) . The monocyte transmigration frequently occurred in the region where the endothelial cells are less elongated and softer with the fewer F-actin filaments. Our results demonstrated that the monocyte adhesion itself induces the decrease of the F-actin structures and the increase of the deformability of endothelial cells, because we observed adhesion of monocytes to endothelial cells but not transendothelial migration as shown in Fig. 5 . This finding may suggest that the change in resistance (ECIS) was caused by the changes in ␣. We speculate that these micromechanical changes may facilitate the migration of monocytes in the later stage.
Adhesion molecules, such as E-selectin, P-selectin, vascular cell adhesion molecule 1, and intercellular adhesion molecule-1, were proposed as the key molecules that affect the signal transduction pathway in endothelial cells and induce the functional changes of endothelial cells in the interaction with leukocytes (20, 38) . In the present study, we showed that monocyte adhesion directly affects the mechanical properties of endothelial cells (Fig. 7) . We thus consider that adhesion molecules participating in monocyte adhesion may play major roles in the intracellular signaling pathway. However, we do not exclude the other unknown mechanisms. Additional experiments to determine the signaling mechanism, which induces the functional change of endothelial cells, are needed.
In conclusion, using ECIS and AFM, we demonstrated that monocyte adhesion reduces the adhesiveness of endothelial cells to the substrate and increases the deformability of endothelial cells. The adhesion of monocytes may play a pivotal role in the initial stage of atherogenesis by affecting the signal-transduction pathway in endothelial cells and by inducing the reconstruction of the focal adhesion complex and actin filaments, resulting in the facilitated migration of monocytes.
